Introduction
[2] Major earthquakes have caused widespread landsliding [e.g., Oldham, 1899; Wilson and Keefer, 1979; Harp and Jibson, 1996] . Topographic slopes fail during earthquakes because addition of gravitational and seismic accelerations causes short lived stresses in excess of the combined cohesive and frictional strength of underlying rock and soils [cf. Newmark, 1965] . Not surprisingly, the number and total volume of landslides triggered by an earthquake, and the area affected by landsliding scale with earthquake magnitude [Youd and Perkins, 1978; Keefer, 1994; Malamud et al., 2004] . More precisely, for the Loma Prieta earthquake (1989, California, M w = 6.9) , the number of landslides per unit area decreased exponentially with increasing distance to the epicenter [Keefer, 2000] , for the Umbria-Marche earthquake (1997, Italy, M w = 5.5) landslide density correlated with Arias intensity [Luzi and Pergalani, 2000] , and for the Chi-Chi earthquake (1999, Taiwan, M w = 7.6 ) the intensity of landsliding scaled linearly with the vertical component of the peak-ground acceleration [Dadson et al., 2004] . These findings suggest that regional patterns of co-seismic landslides can reflect the properties of their earthquake triggers and the dissipation of seismic energy. Using geomorphic and seismological data for large earthquakes on three shallow thrust faults in different topographic and climatic settings, we test this hypothesis and demonstrate that the pattern of co-seismic landslides closely describes the attenuation of seismic waves.
Earthquake Triggers
[3] The M w = 7.6 Chi-Chi earthquake hit the western foothills of Taiwan on 20 September 1999. It nucleated at 8-10 km depth and caused ground rupture along a 100 km segment of the north-south trending, east-dipping Chelungpu thrust fault and recorded ground accelerations of up to 1 g [Lee et al., 2001] . More than 20,000 landslides with a total area of 150 km 2 mobilized soil and sedimentary rock mainly within the 0.2 g contour [Lin et al., 2000] ( Figure 1 ). These landslides were mapped by the National Science and Technology Centre for Disaster Prevention from 20 m resolution SPOT satellite images.
[4] The M w = 6.7 Northridge earthquake of 17 January 1994 occurred on a blind thrust fault below the San Fernando valley, southern California. The rupture started at a depth of 17.5 km and spread along the south west dipping fault plane, stopping 4 -6 km below the Earth surface [Wald et al., 1996] . Ground motion triggered >11,000 landslides with a total surface area of 27 km 2 , mostly in the Santa Susanna Mountains and the Sierra Pelona. These landslides have been mapped by the United States Geological Survey from 30 m resolution SPOT images [Harp and Jibson, 1996] .
[5] Two earthquakes occurred at the southern boundary of the Finisterre Mountains, Papua New Guinea, on the northeast dipping Ramu-Markham thrust fault on 13 (M w = 6.9) and 25 (M w = 6.7) October 1993. The earthquake focae were located at 19 and 20 km depth, less than 5 km apart [Stevens et al., 1998 ]. We have mapped >4,700 landslides with a total surface area of 55 km 2 , triggered by these two events, from 30 m resolution SPOT images. These landslides occurred on slopes with thin, discontinuous soils in volcaniclastic and marine sediments.
Landslide Density
[6] In our examples, less than 7% of landslides have occurred in terrain with topographic slopes <20%. To suppress the influence of non-uniformly distributed, inherently stable terrain, we have eliminated areas with local slopes <20% and calculated landslide density, P ls , as a percentage of the total remaining area:
where A ls (d) is the area affected by landsliding at a distance d from the (projected) fault break, and A s>20 (d) is the total area with topographic slope >20% at that distance.
[7] For each case we have worked in a 50 km wide corridor perpendicular to the fault trend, including the earthquake epicenter, treating the earthquake as a linear source of energy (Figure 1 ). These corridors contain >80% of mapped landslides. Along them we have calculated average landslide density in a moving, 5 km wide window parallel to the fault (Figure 2 ). In all three cases the landslide density peaked in the hanging wall of the seismogenic fault. The peak landslide density was greatest in the Finisterre Mountains, P ls = 10.0%, and 3.7% and 3.8% in Taiwan and California, respectively. In Taiwan and the Finisterre Mountains, landslide densities peaked in the earthquake epicenter, but in California, the peak was located 8 km north of the epicenter, in the Santa Susanna Mountains. The epicenter of the Northridge earthquake was located above the lower edge of the rupture plane, in the flat San Fernando Valley. During the earthquake, as the rupture propagated upward and to the north along the fault plane, recorded ground accelerations remained high and approximately constant up to 10 km north of the epicenter [Todorovska and Trifunac, 1997] , where the landslide density peaked. In the following, we shall only consider the landslide density in the area to the north of the southern limit of the Santa Susanna Mountains, where most landslides occurred.
Correlation to Ground Motion
[8] The relation of landslide density and earthquake ground motion can be evaluated for the Northridge and Chi-Chi earthquakes for which sufficient accelerometer data are available ( Figure 3 ). For this purpose we have used both the vertical and horizontal components of recorded accelerations. It is reasonable to assume that a minimum ground acceleration, PGA cr , is required for substantial co-seismic slope failure to occur. The density of co-seismic landslides can then be expressed as a function of the value of the peak ground acceleration Figure 1 . Location, focal mechanism and topography of the M w = 7.6 Chi-Chi earthquake, Taiwan, on a shaded relief map of the epicentral area with co-seismic landslides mapped in white and vertical PGA contoured in stippled lines. The rectangular box covers a 50 km wide corridor, perpendicular to the seismogenic Chelungpu fault (CPF) within which we have constrained the relationship between landslide density and PGA. Landslide density (percentage of total area) plotted with distance to the (projected) surface break of the seismogenic fault for the Chi-Chi, Finisterre, and Northridge earthquakes. Fault planes are shown schematically with position of earthquake hypocenters (stars). For the ChiChi and Finisterre earthquakes, the landslide density peak is located immediately above the earthquake hypocenter. For the Northridge earthquake, landslide density peaked 8 km north of the epicenter at the edge of the Santa Susanna Mountains. Topographic profiles across the epicenter, perpendicular to the fault are shown in grey.
above the critical ground acceleration. This relationship takes a linear form:
where a is a coefficient of sensitivity and b = aPGA cr .
Values of a and b were determined with a least squares linear regression of P ls and PGA averaged over a 5 km bin parallel to the fault. Fits shown in Figure 3 are for the vertical PGA as an example. No acceleration data were collected in the direct vicinity of the Chi-Chi epicenter. Therefore the regression for Taiwan does not include the peak value of the landslide density. For the vertical PGA, the best fit regression with regression coefficient jRj = 0.85 has constants a = 5.8 g À1 and b = 0.6 for the Chi-Chi earthquake. For the Northridge earthquake, the best fit regression with jRj = 0.97 has constants a = 15.4 g À1 and b = 1.4. In both cases the best fits have an acceleration threshold of PGA cr = 1m/s 2 below which no landslides occurred. For the horizontal PGA, the best fit regression with jRj = 0.75 has constants a = 2.7 and b = 0.5 and PGA cr = 1.7 m/s 2 in Taiwan. In California the best fit regression with jRj = 0.96 has constants a = 15.5, b = 3.3, and PGA cr = 2.1 m/s 2 .
[9] Interestingly, critical accelerations for slope failure were similar for both earthquakes even though they occurred in areas with contrasting climate, relief and lithology. These thresholds pertain to failure of the weakest material, regolith and soil material on slopes, the frictional strength of which is relatively uniform across climatic, topographic and geologic settings.
Landslide Density Attenuation Law
[10] Our results show that the landslide pattern is a marker of the regional pattern of strong ground motion. Accordingly, it should be possible to cast the evolution of landslide density with distance from the earthquake source in an expression similar to those used to describe the attenuation of seismic waves. The evolution of the amplitude of seismic waves with distance, R, from the hypocenter is commonly expressed as [Taylor et al., 1986; Trifunac, 1994] :
where A 0 ( f,q) is the wave amplitude close to the source, f is wave frequency, F f q is the radiation pattern or variation of seismic wave form with angular direction q associated with the focal mechanism, v is the mean wave speed and Q is the quality factor. Similar expressions exist for the attenuation of seismic wave particle velocity and acceleration. Equation (3) combines two mechanisms of attenuation. The first is the loss of energy due to geometrical spreading. If a spherical wave front propagates through a homogeneous, elastic halfspace, then seismic amplitude A R at a radius R decays as R À1 . Although real geometrical terms introduce an exponent different from unity to express conversion of body waves into surface waves, the exponent remains close to 1 within a radius of $100 km around the epicenter.
[11] The second term is the loss of energy due to medium properties. Rocks and soil cause attenuation due to their inelasticity, and heterogeneities in the rockmass such as cracks, faults and layering cause loss of energy by scattering. The resulting attenuation of seismic waves is expressed as an exponential decay, containing the quality factor Q [Aki, 1969; Taylor et al., 1986] . Q depends on the wave frequency, type (S or P) and path.
[12] In order to test whether the attenuation of landslide density can be expressed in a function similar to equation (3), we have determined the geometrical spreading component of the observed pattern of landslide density, P ls , and estimated the residual density variations with the distance, R, to hypocenter. This was done by plotting the logarithm of the product RP ls against R (Figure 4) . In Taiwan, ln(RP ls ) is approximately constant in R indicating that the decay of landslide density with distance from the earthquake hypocenter is due principally to geometrical spreading. In contrast, patterns of landslides triggered by the Northridge and Finisterre earthquakes have non- geometric residuals that decrease exponentially with increasing distance from the hypocenter. Reported in Figure 4 , the logarithms of these residuals exhibit linear, negative slopes that can be interpreted as coefficients of attenuation, with regression coefficients (jRj = 0.997 and 0.97 for the Finisterre and Northridge earthquakes, respectively).
[13] Therefore the evolution of the density of co-seismic landslides with distance from the earthquake hypocenter can be expressed as
where R 0 is the focal depth, introduced to keep P ls dimensionless, the constant a combines a source term and the geomorphic sensitivity to ground motion, and c is a damping factor. The denominator c cannot be directly expressed in terms of a quality factor, Q, since this requires currently unavailable constraints on the characteristic seismic velocity of the area and the range of seismic frequencies responsible for landslide triggering. For the Chi-Chi earthquake, a = 2.5, and the exponential term is negligible. For the Northridge earthquake, a = 17.3, and c = 4.44 km ± 0.45 km, and for the Finisterre earthquakes, a = 14.4 and c = 3.45 km ± 0.15 km.
Discussion
[14] Considered in isolation, geometrical spreading, predominant in Taiwan, explains only 28% and 22% of the landslide patterns associated with the Northridge and Finisterre earthquakes, respectively. The dominance of the geometrical spreading term in the Chi-Chi landslide pattern is compatible with the description by Chang et al. [2001] of the regional seismic attenuation in Taiwan with a b/R term alone (where b is a constant depending on the earthquake depth and magnitude), and/or the conclusion of Wu et al. [2001] that the coefficient of attenuation for the Chi-Chi earthquake was very low (0.0095, giving c % 100 km, requiring either very high Q or very low seismic frequency). The Chi-Chi earthquake was exceptional in this respect, and recorded peak ground accelerations were weak considering the magnitude of the earthquake [Anderson, 2000] . Irrespective of the cause, this has resulted in a low value of the coefficient a, corresponding to a relatively low epicentral landslide density. The best fit values of the coefficient a for the Finisterre and Northridge cases were much higher, reflected in higher (extrapolated) epicentral landslide densities of 14% and 17%, respectively. Although a bias due to mapping method can not be excluded, we think that intense landsliding in the Northridge area is due to the presence of an extensive soil and regolith cover. High landslide densities in the Finisterre Mountains, where soil and colluvium are thin and discontinuous, instead may be the compound effect of two large earthquakes in quick succession. The first earthquake triggered landslides and caused weakening of the substrate by shattering of rock mass and opening and extension of cracks, observed in the field. They enhance the propensity to slope failure during subsequent trigger events, and were almost certainly the cause of high landslide rates during the second earthquake on the Ramu-Markham fault in 1993. Elevated rates of post-seismic mass wasting in the epicentral area of the Chi-Chi earthquake [Dadson et al., 2004] have been attributed to the same cause.
Conclusion
[15] The patterns of landslides induced by large (M w = 7) earthquakes on thrust faults in California, Taiwan and Papua New Guinea, are closely and quantifiably related to ground shaking. In all three cases, the density of co-seismic landslides peaked where ground accelerations were largest, and for the Chi-Chi and the Northridge earthquakes, strong correlations were found between the variations of landslide density and both the vertical and horizontal components of recorded peak ground accelerations. Moreover, observed patterns of landslide density are fully described by an expression similar to a classical law for seismic wave attenuation. This expression has a geometric term related to the spherical expansion of the seismic wave field away from its source, which dominates the distribution of landslides triggered by the Chi-Chi earthquake. An additional, exponential term describes the non-geometric component of landslide patterns associated with the Northridge and Finisterre earthquakes. Local geological and geomorphological variability and site effects have not significantly affected regional landslide density trends in our three examples, but may be responsible for some of the difference in best fit values between examples. A direct link between the coefficients of attenuation given by the landslide data and the seismic quality factor, Q, is likely but has not been demonstrated. Proof of such a link would permit the use of patterns of co-seismic landslide density for the construction of regional shake maps in the absence of a network of accelerometers. Further case studies are needed to test the robustness of the landslide density attenuation law, to assess the range of values of its terms, and to constrain controls on its attenuation and sensitivity coefficients.
